A xenon excimer lamp which irradiates vacuum ultraviolet (VUV) light at 172 nm in wavelength was applied to the photochemical surface conversion of n-octadecyltrimethoxysilane self-assembled monolayer (ODS-SAM) in the presence of atmospheric oxygen and subsequent multilayer fabrication. The terminal functional groups of ODS-SAM, -CH 3 groups, were converted into polar functional groups, like -COOH, by the reaction with atomic oxygen species generated photochemically through VUV excitation of atmospheric oxygen molecules. The structure of the resulting organosilane multilayer with different numbers of superimposed monolayers (from 1 to 11), prepared on a smooth and hydrophilic silicon substrate by the layer-by-layer (LbL) approach, was examined in terms of molecular organization as well as the intra-or interlayer binding modes in such novel films. Ellipsometry and grazing angle X-ray reflectivity measurements revealed that multilayer films of up to 11 discrete monolayers were successfully obtained, indicating that the self-assembly is a viable technique for the construction of relatively thick (16 nm and above) multilayer films.
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Introduction
Organized molecular films have attracted growing attention owing to their functionalities in a wide variety of science and engineering fields [1] [2] [3] . Such films provide the opportunity for developing new material surface functions leading to improved performance or crucial functions. As a technique for the fabrication of organized molecular films, self-assembly, that is, the spontaneous organization of organic molecules at a solid substrate surface, has been indispensable, as has the Langmuir-Blodgett (LB) method. The self-assembling process is a powerful means for the fabrication on films of a monomolecular thickness, that is, self-assembled monolayer (SAM). However, the process has difficulties in fabricating multilayers compared with the LB method by which multilayers are readily fabricated. Multilayers are expected to yield fruitful functions which cannot be obtained by the monolayers alone. One promising approach to fabricate self-assembled multilayers is the use of coordination chemistry [4] . For example, several types of multilayers have been fabricated through coordination bonds between metal ions with isocyanide or amino groups [5] [6] [7] [8] . Mallouk and coworkers developed a promising method in which monolayers of alkyl-bisphosphonic acid and zirconium (Zr) ions were alternately stacked [9] . Besides phosphonic acid, carboxylic acid has been employed in order to fabricate multilayers with Cu(II) or Zr(IV), Ti(IV) ions [10] [11] [12] . Although this coordination multilayer chemistry is successful, it lacks versatility since the method needs a bisphosphoric or biscarboxylic molecule as a component of multilayers.
Organosilane SAMs formed on oxide surfaces through the silane coupling chemistry have become a major category of SAM [13] [14] [15] [16] , and a variety of organosilane precursors are commercially available at present. Thus, multilayer stacking of organosilane SAMs is of special interest. There have been several reports on the fabrication of self-assembled multilayers by the use of an organosilane SAM as the bottom layer of the multilayers [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In these reported methods, an activation of the bottom SAM surface via chemical or photochemical treatments is frequently applied before stacking an upper layer on it. Thus, there are some requirements for the surface functional groups terminating the bottom SAM; the surface groups must be chemically reactive, or convertible through some chemical treatment processes. If a more general way independent of specific functional groups on a SAM for its activation is available, we can fabricate multilayers more freely. We have reported previously a photochemical surface modification method which could activate even methyl groups on an alkylsilane SAM surface. Organosilane self-assembled bilayers have been fabricated by this method [27] [28] [29] . Our photochemical process employs a vacuum ultra-violet (VUV) light at 172 nm in wavelength as a light source. When an organosilane SAM surface is irradiated with VUV light in the presence of atmospheric oxygen molecules, the VUV light excites oxygen molecules, resulting in the generation of ozone molecules as well as oxygen atoms in singlet and triplet states [30] . Since these active oxygen species, particularly singlet oxygen atoms, have strong oxidative reactivity, the species oxidize and etch the monolayer [31] . At the initial stage of this VUV-induced photochemical degradation, surface terminating functional groups of a SAM, e.g., -CH 3 or -CH 2 Cl groups, are converted to polar functional groups such as -COOH and -CHO. Consequently, the SAM surface becomes hydrophilic to some extent, and this hydrophilically modified SAM surface provides new silane coupling sites for stacking a second organosilane monolayer in order to fabricate a bilayer.
In this paper, we report on a further extension of the VUV-photochemical method to the fabrication of multilayers with more than ten layers. Alkylsilane self-assembled multilayers were successfully fabricated by repeated stacking of alkylsilane layers on the modified SAM surface with hydrophilic conversion of the stacked layer. The structures and properties of the fabricated multilayers are investigated in detail.
Experimental

Samples
We employed an organosilane self-assembled monolayer (SAM) prepared on a silicon (Si) substrate from ODS (n-octadecyltrimethoxysilane, CH 3 (CH 2 ) 17 Si(OCH 3 ) 3 , Gelest
Inc.) as the first layer for multilayer formation. By using a chemical vapor deposition
, an ODS-SAM was prepared on Si(100) substrates (phosphorus-doped n-type wafers with a resistivity of 1-11 Ω cm) and Si (111) substrates (phosphorus-doped n-type wafers with a resistivity of 1-10 Ω cm) covered with a 2.3-nm-thick native oxide layer. The Si(111) substrates were used for fourier transform infrared spectroscopy (FTIR) and grazing incidence X-ray reflectivity (GIXR) measurements as described later. All the substrates cut from the wafer were cleaned ultrasonically with ethanol and ultrapure water for 20 min in this order and then photochemically cleaned by exposing in air to vacuum ultraviolet (VUV) generated from an excimer lamp (Ushio. Inc., UER20-172V; intensity at lamp window 10 mW cm -2 ) for 20 min at a lamp-sample distance of 5 mm. This photochemical cleaning method is described in detail elsewhere [32] . In a nitrogen-filled glove with a regulated humidity of around 17%, the sample and 60 µL of ODS liquid in a glass cup with a volume of 3 cm 3 were placed in a Teflon container with a capacity of 120 cm 3 The resulting ODS-SAM on the Si substrate was then treated with another VUV-light process as described later. After the VUV-light treatment, we attempted to stack another ODS-SAM using a silane coupling method, in which the terminal groups of the oxidized ODS-SAM surface, -COOH, -CHO, and/or -CH 2 OH groups, acted as new reaction sites. To build a multilayer, the procedure of oxidizing and deposition described above was sequentially repeated. In the final step, the film was capped with an ODS monolayer, creating a chemically inert and nonwettable outer film surface.
Chemical and physical properties analysis
The static water contact angles of the sample surfaces were measured with a contact angle meter (Kyowa Interface Science, CA-X) in an atmospheric environment; here, we fixed the size of water droplets at about 1.5 mm in diameter. SAM thickness was measured by ellipsometry (Otsuka Electronics, FE-5000). The measured region was 400 -800 nm in wavelength. The incident angle was set at 70˚, and the model of Air/SiO 2 /Si was used for the analysis of raw data. Since the resulting value was the sum of the thickness of the monolayer and the native oxide, the actual monolayer thickness was determined by subtracting the oxide thickness from the total value. Before monolayer coating, the thickness of the native oxide layer of each sample was measured. The chemical bonding states of each sample were examined by X-ray photoelectron spectroscopy (XPS; Kratos Analytical, ESCA-3400) using a Mg Kα X-ray source with 10 mA in emission current and 10 kV in accelerating voltage. The binding energy scales were referenced to 285.0 eV as determined by the locations of the maximum peaks on the C 1s spectra of hydrocarbon (CH x ), associated with adventitious contamination. The LbL self-assembly process was also monitored by quantitative fourier transform infrared spectroscopy (FTIR; Digilab Japan Co., Ltd, Excalibur FTS-3000). We used transmittance mode and a single reflection ATR (attenuated total reflection) mode for measurement of the samples. The ATR IR spectra were obtained with incident angle of 65˚, and hemispherical Ge ATR crystal with diameter of 2.5 cm (internal reflection element, from Harrick Scientific). The transmittance IR spectra were obtained on 0˚ incidence. IR Spectra were measured in a dry atmosphere of a sample compartment purged with nitrogen and were referenced to background spectra determined under the same conditions. All spectra were measured at a resolution of 4 cm -1 with 1024 scan cycles. The density, thickness, and roughness of the films including oxide-layer on the samples were examined by grazing incidence X-ray reflectivity measurement (GIXR; Rigaku, ATX-G) performed using a high-resolution 18 kW rotating anode X-ray diffractometer. The Cu Kα beam from the rotating anode was monochromatized with flat Ge(220) double crystals. The specular reflectivity curves were recorded with a θ/2θ scan mode. The morphology and surface roughness of the samples were also measured by atomic force microscopy (AFM; SII Nanotechnology, SPA-300HV + SPI-3800N) in tapping mode with a Si probe (Seiko Instruments Inc., SI-DF20, force constant of 15 N m -1 ). In our previous tentative study [29] , we have optimized the irradiation time for the chemical conversion [29] , using this VUV-light system. Here, it was found that, under the VUV-light treatment, both the water contact angle and the film thickness of the ODS-SAM decreased monotonically with increasing irradiation time. This demonstrated that polar functional groups are evidently and progressively introduced through the treatment with the concomitant etching of the SAM. The introduction of the polar functional groups was also confirmed by XPS measurement [29] . As a result, it was thought that the surface density of polar functional groups, which serve as silane coupling sites for stacking a second monolayer, is insufficient if the irradiation time is too short. In contrast, if the irradiation time is too long, the second monolayer would be successfully prepared, but the total thickness of the resulting bilayer film will be small. In consequence, the total thickness of the bilayer films grown on VUV-light-treated ODS-SAM substrates was found to increase toward the irradiation time of 400 s and decrease after 400 s until a treatment time of 1200 s. We thus concluded that 400 s is the optimum VUV-light-treatment time. Under this condition, we can introduce maximum polar functional groups on the surface of the first monolayer and, at the same time, minimize the loss of the thickness of the monolayer due to etching.
Results and discussion
Chemical conversion of ODS-SAM
Surface analysis of monolayer/multilayers
We prepared eleven different monolayer/multilayers, i.e. ODS(oxidized ODS) n , n = 0-10, through the LbL growth process. Fig. 2 shows the change in water contact angle and thickness of the ODS/(oxidized ODS) n /Si films. The film thickness increased throughout the LbL growth process, and almost proportional relationship was found between the film thickness and the layer number, indicating that a series of multilayers were successfully fabricated on the silicon wafer through the LbL approach. The water contact angle is an indicator of surface wettability, which reflects the surface functional group(s). It is known that the water contact angle for a hydrophobic methyl-terminated surface, e.g. ODS-SAM, is about 105˚ or more, while that for a surface terminated with a polar functional group is much smaller; for example, oxidized ODS monolayer obtained by the VUV-light-treatment for 400 s was 36˚ [29] . In the n range of 0 to 10, that is 1 to 11 layers, the water contact angles were around 100˚, suggesting that the layers were throughly terminated with -CH 3 groups. Fig. 3 shows XPS C 1s and Si 2p spectra of initial monolayer (n = 0; 1 layer) and multilayer samples of 4 (n = 3), 7 (n = 6), and 11 layers (n = 10). With increasing layer number, the analyzed amount of carbon at the sample surface increased whereas that of silicon at 99.6 eV, which is mainly due to the Si substrate underneath, decreased, indicating that layers are successfully deposited throughout the LbL self-assembly process, as shown by the water contact angle measurement and the ellipsometric measurement. Here, the difference in C 1s peak intensity between 7 and 11 layers is very small. XPS is a surface sensitive analysis and our system has a detection depth of 
Conclusions
The n-octadecyltrimethoxysilane (ODS) self-assembled multilayer formation based on activation of the methyl-terminated surface with reactive oxygen species generated by vacuum ultra-violet excitation of atmospheric oxygen molecules was investigated by water contact angle, ellipsometry, XPS, FTIR, GIXR, and AFM measurements. We have succeeded in fabricating multilayers with a relatively large thickness (16 nm scale and above) by the simple method in which a sample is treated in gas-phase throughout the process and, thus, no solvent is required to be used. It should be noted that any types of organosilane precursors, even methyl-terminated ones, are compatible to our method. These features of the LbL method here we have demonstrated is thought to be advantageous in practical. Furthermore, since we have employed an optical method for surface activation, the LbL method will be readily extendable to micro-fabrication processes [27, 28, 31] by activating a selected area with the use of a photomask.
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